ABSTRACT The capacities of phagocytes of subpopulation P1 (F) and morula cells (MC) of holothurian
INTRODUCTION
Over the last two decades, immunity of marine invertebrates has been intensively studied all over the world. This knowledge is especially urgent to understand evolution of the immune system, and to has a notion about the use of immune cells in modeling the immune response in lower animals, and it can also be applied for the invention of medicines and in environmental monitoring.
Echinoderms, being lower-organized animals, took a particular position among invertebrates-right at the root of Deuterostomia evolutional tree. Therefore, a number of factors of the innate immunity, typical for higher animals, manifest themselves completely in echinoderms too. Thus, in response to stimulation, immune cells of echinoderms produce reactive oxygen species (ROS), nitrogen oxide (NO), etc. [1] . Additionally, cytokine-like substances such as interleukin IL-1-, IL-2-, IL-6-, as well as tumor necrosis factor-like molecules, were found in echinoderms also [2, 3] . Several types of circulatory cells named coelomocytes play the key role in immune response of echinoderms, of which phagocytes and morulalike cells are the most abundant [1, 4] . Echinoderm phagocytes are functionally similar to macrophages of vertebrates, as they perform phagocytosis and encapsulation of foreign material [4, 5] . Morula cells synthesize a number of humoral defense factors, including cytotoxic ones, and participate in encapsulation of foreign microorganisms, in wound healing and regeneration [4, 6] . As is known, the immune response in vertebrates proceeds through the interaction of several types of immune cells, both as direct cell-to-cell contacts and via humoral factors such as the system of cytokines, excreted by cells into the environment [7, 8] . As for echinoderms, data on similar interactions can be found only in few works [6] mostly due to the lack of information about the functional activity of certain types of phagocytes. Furthermore, there are no available data on probable regulatory mechanisms of the immune response.
Apoptosis (programmed cell death) is known to be one of important elements of the immune response in vertebrates. This is a physiological process, aimed to maintain homeostasis of the organisms, and it may intensify under some stress conditions [9] . As an interesting fact, a high level of background apoptosis, different for various types of immunocytes, is observed in freshly isolated coelomocytes of holothurians [10] . Therefore, the issue of a probable exchange with apoptotic signals between certain cells and the regulation of this exchange during the immune response in holothurians is of great importance.
The numerous studies of regulatory mechanisms of immune response in vertebrates revealed the important role of glucocorticoid hormones (GH), as the physiological inductors of apoptosis of immune cells in particular [11, 12] . Hormones assumed probably the leading role in homeostasis regulation in lower animals-they are found in plants and animals at various levels of development, whereas in vertebrates, the system of hormonal regulation reaches the highest complexity and diversity [13] .
Steroid molecules are observed also in all the phyla of invertebrates [14] . Among echinoderms, the steroid composition was studied most thoroughly in starfishes, which were found to have corticocosterods in their tissues [15] . As is stated in some of reports, GH may regulate functions in aquatic invertebrates. In particular, chronically given synthetic GH dexamethasone (Dex) inhibited the population growth of freshwater crustacean C. dubia [16] . Our previous data on concentration-dependent effect of dexamethasone on the apoptosis level in normal coelomocyte fractions of the holothurian E. fraudatrix [10] demonstrated that hormonal regulation of immune response, apparently, exists also in echinoderms, holothurians in particular.
Until recently, no adequate attention has been paid to issues of the immune response control in holothurians, neither the probability of cooperation of their immunocytes. Meanwhile many of holothurians are a highly demanded resource for the pharmaceutical industry [17] that entails the necessity of their cultivation. For this reason, the study of a probable exchange with apoptosismodulating signals between immune cells in holothurians and a control of this exchange is not only of theoretical, but also practical significance.
Holothurian Eupentacta fraudatrix inhabits coastal waters of the Sea of Japan. Earlier, two fractions of phagocytes P1 and P2, and a fraction, enriched with morula cells, have been isolated in them [18] .
The aim of the study is to investigate the mechanisms of apoptosis-modulating interaction between phagocytes and morula cells as well as clarify the probability of their hormonal regulation in E. fraudatrix.
MATERIALS AND METHODS

Animals
E. fraudatrix individuals (4 -6 cm in length) were collected in Peter the Great Bay in autumn and winter 2003-2004 and 2007-2008. Prior to experiments, they were kept in an aquarium with aerated seawater for 2 weeks.
Coelomocyte Separation
Coelomic fluid of each animal dissected was added into 10-ml glass flasks with the following anticoagulant solution (1:1, v/v), 30 mM ethylenediaminetetraacetic acid (EDTA), 31 g/l NaCl, and 50 mM Tris-HCl, pH 7.6 [4] . Combined fluid samples from 15 -25 animals were applied to a ficoll-verographine discontinous gradient with the following proportions between ficoll-verographine and anticoagulant solution (v/v): Step 1, 1:0.4; Step 2, 1:1; and Step 3, 1:2 as described earlier [17] . The centrifugation was carried out at 300 × g for 15 min at 5˚C. The cells of phagocyte fraction P1 (F) were collected from the coelomic fluid sample/Step 3 interface, and cells of fraction enriched with morula cells (MC)-from Step 2/Step 1 interface. The cells were washed with phosphate-buffered saline (PBS) (36 g/l NaCl, pH 7.4) and resuspended in medium 199 supplemented with 16.41 g/l NaCl, 0.264 g/l KCl, 0.87 g/l CaCl 2 , 4.98 g/l MgCl 2 × 6H 2 O, 3.87 g/l MgSO 4 × 7H 2 O, 22.74 g/l glycine, 0.1 g/l glucose, 2.5 g/l bovine serum albumin, and 50 mg/l sodium oxacillin as modification of method described by Odintsova [19] . Cells were counted in a Goryaev chamber.
× g for 5 min at 5˚C and the pellet was frozen and stored until DNA isolation.
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Cell Cooperation
Scheme of the experiment is shown at Figure 1 . The following variants of studies were performed:
1) The influence of morula cells on phagocytes. The cell suspension of MC (10 6 cells/ml) was incubated at 22˚C for 3 h or 24 h (MC preincubation).
Thereafter, the cells were separated from incubation medium by centrifugation, and supernatants obtained in 3 h or 24 h (SMC3 or SMC24, respectively) were added (1:1, v/v) to freshly isolated F (10 6 cells/ml). Further incubation of F was performed at 22˚C for 30 min or 24 h. 2) The influence of phagocytes on morula cells. The suspension of F (10 6 cells/ml) was incubated at 22˚C for 24 h (F preincubation). After centrifugation, supernatant obtained (SF24) was added (1:1, v/v) to freshly isolated MC (10 6 cells/ml). Further incubation of MC was performed at 22˚C for 30 min or 24 h.
3) The effect of Dex on cell cooperation. In some cases, 100 μM Dex was added to cell suspensions of F or MC during their preincubation for 24 h. Supernatants obtained (S(F + Dex)24 or S(MC + Dex)24, respectively) were added to corresponding target cells MC or F followed by 24 h incubation.
After all experiments were finished, a portion of each cell suspension was frozen in liquid nitrogen and stored at −18˚C until enzyme activity and IL-1α-like substances assays. Another portion of cell suspensions was centrifuged at 1000 × g for 5 min at 5˚C and the pellet was frozen and stored until DNA isolation or fixed with 4% formalin until Hoechst 33342 staining.
DNA Isolation
DNA isolation was performed by the method described by Dolmatov et al. [18] with using 4 M guanidine hydrochloride (Sigma-Aldrich) for deproteinization [20] .
Measurement of Apoptosis Level
Apoptosis was estimated with using two methods: DNA agarose gel electrophoresis and Hoechst 33342 staining.
DNA Electrophoresis
DNA fragmentation was detected by agarose gel electrophoresis in Tris-borate buffer (pH 8.3) [21] . After electrophoresis, the gel was stained with ethidium bromide (Bio-Rad laboratories) and DNA fragments were visualized under UV light (240 nm).
Hoechst 33342 Staining
Cell pellets fixed with formalin were smeared and stained with Hoechst 33342 (Sigma-Aldrich) [22] . Apoptosis was calculated as percent content of bright blue fluorescent cells with using fluorescent microscope technique.
IL-1α-Like Substances Assay
The level of IL-1α-like substances was determined using kit for immune-enzyme analysis of human IL-1α (Cytokin) according to manufacturer' instruction. Protein was quantified using Coomassie G-250 (Sigma-Aldrich) dye [23] .
Statistical Analysis
To compare the groups, data (means ± SE) were analyzed using unpaired t test. Means were considered significantly different when p < 0.05.
RESULTS
Apoptosis Level in F and MC during Preincubation
Incubation of F at 22˚C during 30 min induced increase in apoptosis level by 42%, as it was established with both DNA agarose gel electrophoresis (Figure 2(a) ) and Hoechst 33342 staining (Figure 2(b) ) methods. Further incubation for 18 -24 h revealed a tendency to apoptosis level lowering compared to that in 30 min. The addition of Dex, however, induced an increase in apoptosis level after 24 h (Figure 2(a) ). In MC (Figures 2(c) and (d) ) the level of apoptosis also reached maximal value at 30 min of incubation, and then there was a tendency to its decline by 24 h. Treatment of MC with Dex for 24 h induced the increase in apoptosis level compared to that in untreated cells (Figure 2(c) ). 
The Influence of SMC and S(MC + Dex)24 on Apoptosis in F
To study the possible effects of MC on F, we treated F with supernatants obtained after centrifugation of MC being preincubated with PSB. During 30 min-incubation of F with SMC24, DNA degradation was almost not observed (Figure 3(a) ). The anti-apoptotic effect of supernatants of MC on F was confirmed with staining-the apoptosis level in F under the effect of SMC24 was 1.3 times as low (Figure 3(b) ).
Meanwhile, a 24 h incubation of F with SMC24 did not result in significant variations in the apoptosis level in comparison with its level in control F incubated for 24 h. Thus, longer time of incubation of F and SMC24 caused a reduction of the anti-apoptotic effect of the latter. However, 24 h incubation of F and S(MC + Dex)24 led to the former's apoptosis increased by half over control (Figures 3(a) and (b) ). The influence of duration of MC's pre-incubation on the effect of SMC was also studied. An addition of SMC3 to F followed by 18 h incubation resulted in the 1.4-time growth of the apoptosis level in F. Thus, at a short time of pre-incubation of MC, its supernatant had a pro-apoptotic effect on F (Figures 3(a) and (b) ).
The analysis of the temporal dependence of SMC effects showed that the apoptosis-inhibiting effect of SMC in F dropped with the increase of incubation time-the maximum inhibiting effect appeared after 30 min of incubation of F with SMC24. It is notable that a gradual decline of the apoptosis level also took place in the control F during 24 h of incubation.
In this study, 24 h incubation of F with S(MC + Dex)24 led to the former's apoptosis increased by half over control. It confirms the assumption that pro-apoptotic cleavage products accumulate in MC due to the increased apoptosis level in these cells, and S(MC + Dex)24, in turn, caused F's apoptosis to increase, compared with effect of SMC24 (apoptosis level in MC24 themselves was close to the control one).
The Influence of SF and S(F + Dex)24 on Apoptosis in MC
When examining reverse effect of supernatants, obtained after F preincubation for 24 h, on MC, decrease in DNA fragmentation, as compared to the control, was detected in as little as 30 min (Figure 4 (a) ). The Hoechst 33342 staining indicated that apoptosis level had halved (Figure 4(b) ).
Yet it was increasing, by comparison with control, during 24 h incubation of MC with SF24. Preincubation of F with Dex promoted further apoptosis increase in MC that were incubated with S(F + Dex)24 for 24 h (Figures  4(a) and (b) ). Under effect of SF24 and S(F + Dex)24, apoptosis level increased by 1.9 and 2.8 times respectively, as compared to 24-h control. Thus, antiapoptotic effect of SF24 was followed by proapoptotic one, with MC and SF incubation period elongating, while F and Dex preincubation promoted the former's proapoptotic effect.
IL-1α-Like Substances in F and MC during Their Humoral Interaction
Both types of the cells proved to excrete IL-1α-like substances, and their level elevated in control cells insignificantly after the 24-h incubation as compared to the 30-min one-1.3 times in MC and 1.7 times in F (Figures 5(a) and (b) ). However, when SMC24 was added to F, for the first 30 minutes of incubation, the level of IL-1α-like substances in F increased 1.6 times, compared to the control, and dropped 2.2 times after 24 h ( Figure  5(a) ). The pre-incubation of MC with Dex caused sub- stances to return to the control level after 30 min and decreased even more as compared to the effect of SMC24 after 24 h.
Incubation of MC with SF24 during 30 min resulted in the 2.4-time decrease of the level of IL-1α-like substances as compared to the control (Figure 5(b) ).
If MC were incubated during 30 min with S(F + Dex)24, the level of IL-1α-like substances returned almost to the control one. After 24 h of incubation of MC both with SF24 and with S(F + Dex)24, the observed decline of IL-1α-like substances' concentration reached 10% and 54%, respectively, compared to the control.
DISCUSSION
Studying the probability of transmission of apoptosismodulating signals between F and MC and influences of Dex on the cell responses in E. fraudatrix, at the first stage, we examined the influences of preincubation condition and Dex on the cells studied. Earlier, we had re- vealed the existence of pronounced spontaneous apoptosis in freshly isolated cells of MC but not F [10] . However, in both cell type studied, incubation for 30 min under stress temperature conditions (22˚C) caused significant increase in apoptosis level with further its decline by 24 h. Dex stimulated apoptosis in both F and MC in 24 h compared to control. Such effect of Dex on holothurian immune cells corresponds to the results of numerous studies on vertebrates, which have shown that glucocorticoids promote apoptosis in mainly immature lymphocytes [12] , neutrophiles [24] , and macrophages [25] . However, further studies showed that SMC24 decreased apoptosis in F in reversed time-dependent manner. Similarly, MC supernatant's influence depended on the time of preincubation of MC, and SMC3 had even pro-apoptotic effect on F. Taking into account that a less pronounced apoptotic effect was found in MC preincubated for 24 h than that at 30 min, we can assume that MC cells excrete some substances during incubation, having a modulating effect on F. Apoptosis-increasing effect of S(MC + Dex)24 in F confirms the assumption that pro-apoptotic cleavage products accumulate in MC due to the increased apoptosis level in these cells, and S(MC + Dex)24, in turn, causes F's apoptosis to increase. The obtained results evidence that the humoral products from MC are capable of modulating apoptosis in F in time-and concentration-dependent manner. Since the anti-apoptotic effect of SMC depended on the time of incubation with F, decreasing in the course of incubation along with the reduction of apoptosis in F, it can be supposed that these humoral substances exert a pronounced anti-apoptotic effect only at a significant level of apoptosis in the target cells.
Similarly, antiapoptotic effect of SF on MC had a reversed dependence on time of incubation with target cell, which changed even into proapoptotic one by 24 h. The effect was also concentration-dependent, as apoptosis in MC increased when MC were treated with S(F + Dex)24 . Given the fact that, after 24 h incubation of MC, their apoptosis levels were decreasing, compared to 30 min one, as mentioned above, it is possible to conclude that apoptosis-modulating effect of SF24 on MC depended on the apoptosis levels of the latter. Thus, F' humoral products may apparently regulate apoptosis in MC, and their effect depends on the level of apoptosis in target cell.
The mechanism of such dependencies of both SMC and SF effects on apoptosis level in target cells remains unclear, but it is probably complex and multifactorial like the most of apoptosis-modulating ones [26] . One of the key mechanisms of development of apoptosis under a stress is related to stimulation of the transcription factor p53 [27] through stimulation of ROS [28] . Besides, p53 can participate also in inhibition of the expression of anti-apoptotic genes [26] . However, according to the data in recent publications, p53 may exert also the anti-apoptotic effect by the feedback mechanism [29] . It seems probable that at the background of a high level of apoptosis in F in present work, humoral substances from MC, containing the pro-apoptotic factors, "switch on" the anti-apoptotic mechanism by the feedback scheme and induce its pro-apoptotic effect at the values of apoptosis close to initial ones.
Given the facts that maximum apoptosis activation in F during incubation takes place within first hours, and development of oxidative stress ("respiratory burst") precedes apoptosis of immunocytes [30] , it is possible to suppose that MC3' products stimulate functional activity of the F within at least the first 18 h, but not in 24 h of incubation.
In its turn, during 24-h incubation, when control MC's apoptosis level decreased, compared to that of 30 min, SF24, by contrast, promoted apoptosis in MC. Since the role of some types of cells in the immune response in holothurians is studied insufficiently, physiological reasons for the effect like this cannot be determined for sure. However, as MC are considered to be analogues of mast cells of vertebrates [4] , and facts on stimulation of mast cell activity (histamine release) with apoptosis-decreasing agents are known [31] , apoptosis increasing effect of SF24 was, apparently, followed by inhibiting functional activity of MC. Apparently, cells of both types have time-dependent apoptosis-modulating effect on each other. In particular, MC can stimulate F's functional activity within the early period of incubation of cells (until 3 -18 h). Later (in 24 h), effects of both types of cells aimed at limitation of functional activity of each other. Such interaction confirms the existence of cell cooperation at the level of humoral products. Examples of a cooperation like these in vertebrates are the direct influence of mast cells on proliferation and differentiation of T-lymphocytes in vitro [32] , as well as a variant of indirect cooperation when mast cells produce mediators that ensure T-lymphocyte's adhesion to fibroblasts [33] . Moreover, T-cells also have an influence on mast cells [34] . In particular, lymphocytes can initiate the synthesis of cytokines in mast cells [35] .
According to the modern views, immune response of vertebrates is not limited to quick and efficient activation, but also includes adequate downregulation permitting to reduce very high costs of overshooting immune reactions [36] . But, while the limiting mechanisms, including cell interaction at the humoral level, particularly-immunomodulatory effect of anti-inflammatory cytokines [37] , have been described for vertebrates, there is no such data on inveretebrates, with only description of morphological isolation of the cytotoxic immune effectors in the body cavity of Cimicidae [38] . Thus, our data are the first to point out to the possibility of time-dependent "+" and "−" interaction between immune cells of echinoderms, particularly in holothurians.
When considering the reasonability of this interaction in the pair F-MC, it seems probable that both types of cells have ability to stimulate functional activity at early phase of immune response but at the later phases they either do not stimulate or even reduce the activity of other cell type to ensure the expression of adequate immune response without damage to surrounding cells and tissues by ROS, production of which is directly related to functional activity of phagocytes, or by cytotoxic substances, resulted from MC activation. Hence, interactions of this kind provide a high degree of stability of immune system.
Additionally, data obtained points out to the fact that apoptosis in MC and F of holothurians can be regulated with glucocorticoids, similarly to immune cells of vertebrates, and pro-apoptotic signals induced by Dex can be transmitted both from MC to F, and from F to MC. Notably, that apoptosis-stimulating effect in F, in contrast to MC, is rather related to stimulation of the F's activity and increase in ROS generation. Kraaij et al. [39] have shown that Dex could increase the ROS producing capacity of rat macrophages leading to suppression of T cell responses in a ROS-dependent manner. Similarly, in present work the stimulation of F by dexamethasone apparently could lead to suppression of MC. Taking into consideration that lymphocyte-like cells were also found in holothurians [40] , we can not exclude ability of Dex to induce general immunosuppressive effects in holothurians via stimulation of ROS generation in F.
In vertebrates, cytokines play the important role in humoral cooperation of immune cells, [7] . Further, we studied the variation in levels of IL-1α-like substances during cooperation of F and MC.
The level of IL-1α-like substances in certain types of coelomocytes in echinoderms is not described in literature. Nevertheless it was shown that morula cells of some of marine organisms are the main producers of IL-1α-like substances among coelomocytes [41] . Our data evidences a lack of significant difference between control cells studied during incubation. However, during 24-h incubation, there was a tendency to elevation of the levels of IL-1α-like substances in both types of cells. Such variations can indicate that IL-1α-like substances are excreted in response to stress conditions of preincubation of the cells. Nevertheless, the level of substances was significantly elevated after 30 min incubation of F with SMC24, but decreased in MC treated with SF24. In 24 h of incubation, SMC24, on the contrary, decreased the level of these substances in F, and SF24 elevated their level up to the control in MC.
IL-1α is known to reduce apoptosis in cells of vertebrates [42] . It can be assumed that the increase of its level in F treated with SMC24 for 30 min as well as its decrease in 24 h are the reasons for inhibition or elevation of apoptosis level, respectively, in corresponding periods of time as it was described above. Additionally, a significant reduction in IL-1α-like substances' level in F under the treatment of S(MC + Dex)24 was shown. That corresponds to known data on the Dex suppressive effect on the IL-1α synthesis in macrophages of vertebrates that is widely used in clinical practice [43] . The fact of simultaneously developing increase in apoptosis level and reduction in IL-1α-like substances' level in F under the effect of S(MC + Dex)24 supports the idea on primary role of cytokines in apoptosis-modulating effects of SMC in F. In addition, Dex was shown to play also an antiinflammatory role in E. fraudatrix, the same as those in vertebrates, for an excessive activation of IL-1α-like substances may result in damage to tissues of holothurian's organism.
On the contrary, the dynamics of variations in the level of apoptosis and IL-1α-like substances in MC under the effects of SF24 or S(F + Dex)24 indicates that in general there was no correlation between them; thus, a decrease in the IL-1α-like substances' level was found both within the first 30 minutes of incubation with SF24 (reduction of apoptosis) and after 24 h-with S(F + Dex)24 (increase in apoptosis). Apparently, cytokines do not play the main role in transmission of apoptotic signal from F to MC.
The data obtained show that there are different mechanisms of interaction between F and MC. This can be related to differences in functional activity of two types of cells. Various ways of apoptosis regulation in diverse types of cells are shown to exist also in vertebrates. e.g., neutrophils respond to signals, which are pro-apoptotic for other leukocytes, in the opposite way [30] . Moreover, neutrophils and mononuclear lymphocytes differently react to various stress stimuli that is observed particularly as multidirectional variations in activity of antioxidant enzymes [44] . This probably ensures their interaction at the immune response.
In present work, the effect of MC on F is apparently exerted just through the synthesis of IL-1α-like substances, SF, on the contrary, possibly may have an effect on MC through any other molecules, e.g., ROS, generated by F. Earlier, the level of ROS in MC was shown to be much lower than that in F [45] . ROS are known to possess not only cytotoxic properties-they also can serve as secondary messengers, taking a part in regulation of the state of intracellular redox systems, activity of protein kinases, and regulation of cell reactions such as proliferation, differentiation, and apoptosis [46] . Particularly Н 2 O 2 activates a transcriptional factor NF-kB that results in induction of a number of pro-inflammatory cytokines in vertebrates [47, 48] . At the same time, there are numerous data concerning H 2 O 2 as a key signal in dexamethasone-induced apoptosis [49] . Further studies on oxidant-antioxidant balance of the cells during cooperation may clear the question on ROS part in this process.
CONCLUSIONS
The present studies revealed an interaction of cells of two fractions of coelomocytes of holothurians-F and MC-at the humoral level for the first time. F and MC had the apoptosis-stimulating or apoptosis-inhibiting effect on each other, depending on the level of functional activity of both effector and target cells. Similarly, at SMC's effect on F, apoptosis developed along with the decreasing level of IL-1α-like substances in F; at SF's effect on MC, vice versa, along with the growing level of IL-1α-like substances. This indicates different mechanisms of regulation of apoptosis level in two types of cells. Thus, we may suppose that IL-1α-like substances are the probable apoptosis-modulating humoral mediators of MC's effects in F, but not F's in MC. The revealed interaction between cells apparently ensures the expression of adequate immune response without dam-age to surrounding cells and tissues by ROS and other toxic substances.
Dex was shown to stimulate apoptosis in both type of cells, and the products being formed in the cells, preincubated with Dex, also stimulated apoptosis in target cells at both kinds of interaction studied. This indicates that Dex in holothurian's organism can produce general immunosuppressive effect, which is similar to that described for vertebrates. This implies a probability that steroids may participate in the regulation of the immune response in holothurians.
